Average thickness of the ionomer film
Introduction
Species transport and electrochemical reactions in the gas-diffusion layer (GDL) and catalyst layer (CL) within the polymer electrolyte membrane (PEM) fuel cell occur at pore scale. In practical fuel cell modelling, however, the geometries of these pores cannot be explicitly resolved, and their impact on different fuel cell processes is instead described by volumetric average parameters, such as effective diffusion coefficients for species diffusion and effective conductivities for charge transport [1] . How to accurately describe these porescale processes in a fuel cell model is crucial, and the most challenging one is the description of oxygen diffusion and reaction in the cathode CL [2, 3] .
Most catalyst layers in PEM fuel cells use carbon grains to support the catalyst, and the carbon grains are further bound by an ionomer [4, 5] . During manufacturing, the carbon grains tend to aggregate, forming porous agglomerates [6] with their outer surfaces coated by a thin ionomer film [7, 8] . As such, the catalyst layer has a bi-mode pore structure in which the pores inside the agglomerates (intra-agglomerate pores) are much smaller than the pores between the agglomerates (inter-agglomerate pores). The ionomer film provides pathway for protons to transport, whilst the inter-agglomerate pores provide pathways for gaseous species to move [9] .
In the cathode CL, gaseous oxygen moves from the GDL into the inter-agglomerate pores first, and then dissolves in the liquids before moving into the catalyst sites within the agglomerate to electrochemically react with protons and electrons [10] . In fuel cell modelling, the movement of gaseous oxygen in the inter-agglomerate pores is often assumed to be diffusive and modelled by a volumetric average diffusion equation. The diffusion and reaction of the dissolved oxygen within the agglomerate, however, cannot be explicitly resolved. Instead, they are treated as a sink term and calculated by a method known as agglomerate model in the literature [11] .
The oxygen needs to overcome a number of resistances, including its dissolution in the ionomer film and the consequent diffusion in the ionomer film and the agglomerate [12] , before it can react with electron and proton on the catalyst sites. The relative significance of each resistance, however, is poorly understood. With a few exceptions [13] [14] [15] , the most common method used in the literature to describe these resistances is the spherical agglomerate model by idealising the CL as a packing of isolated spheres [16, 17] . This idealisation not only oversimplifies the CL structure [4, [18] [19] [20] [21] , but is also self-defeating. For example, its assumption of isolated and non-touched spheres physically makes the CL insulate to electrons as electrons can only transport through the carbon grains. Hence, the spherical agglomerate model is just to introduce a resistance to oxygen diffusion rather than a geometrical description of the CL structure. This explains why the agglomerate diameter used in the spherical agglomerate model varies so widely in the literature, ranging from 200nm to 6000nm, far bigger than the average agglomerate size revealed by tomography, which is approximately 100nm [22, 23] . The thickness of the ionomer film used in the spherical models is up to 80nm, also much thicker than real ionomer film, which is only about 10nm
thick [5] . The inferiority of the spherical model is well known, but still remains the dominant models in the literature due to the lack of alternatives [3, [24] [25] [26] [27] [28] .
There has been an increase over the past few years in use of nano-tomography to characterise CL at resolutions of a few nanometres [4, [18] [19] [20] 29] . This makes simulation of oxygen diffusion and reduction in a real CL feasible, and can be used to directly calculate the electrochemical reaction rate without need to simplify the CL structure [30, 31] . The concern over this direct method is its computational cost. In fuel cell modelling, the CL is often divided into a number of grids. Since the reaction rate depends on overpotential, which varies spatially in the CL, the above direct method needs to calculate the reaction rate in each numerical grid using pore-scale simulation; this is computationally expensive. For practical use, therefore, it is ideal to derive a simple formula that can adequately describe the average reaction rate by explicitly taking all agglomerate processes into account. We made such an effort by assuming that the ionomer film was thin [32] . In this paper, we show how to derive the agglomerate model for a given agglomerate structure by describing oxygen movement and reaction within it as two independent random processes. We also apply the model to simulate a cathode electrode in an attempt to elucidate the relative significance of each resistance to oxygen diffusion in the agglomerates.
Background and electrode model
Species transport and reaction in the GDL and CL take place at pore scale and depend on their pore geometries. In practical fuel cell modelling, the impact of these pore geometries is described using effective parameters by averaging the individual pores out. For the cathode electrode shown in Fig.1 , gas transport in the inter-agglomerate pores within the CL and all pores in the GDL is described by volumetric average diffusion equations with the GDL and the CL distinguished by using different effective diffusion coefficients. However, the oxygen diffusion and reduction inside the agglomerate cannot be explicitly resolved, and they are instead included in the average diffusion equations as a sink term represented by an agglomerate model. In this paper, we consider only water vapour, nitrogen and oxygen in the cathode electrode. The transport of the three gases in both GDL and CL is described by the following equations [26] :
where C i is the volumetric average molar concentration of gas i, eff ij D is the effective binary diffusion coefficient of gases i and j, C is total molar concentration, N i is the volumetric average molar flux of gas i, and R ei is the average reaction rate of gas i. Since electrochemical reaction takes place only in the CL, R ei is zero in the GDL.
For oxygen, its volumetric average reduction rate in the CL is often described by the following agglomerate model [17] :
where E r is an effectiveness factor describing the decrease of reduction rate due to a combined impact of catalyst loading, operating conditions, oxygen dissolution in the ionomer film and its consequent diffusion in the ionomer film and agglomerate; R is the gas constant;
T is temperature; p O is the partial pressure of the gaseous oxygen in the inter-agglomerate pores; H O2 is the Henry's constant for oxygen dissolution in the liquid; and k c is the reduction rate coefficient that describes the impact of protonic and electronic potentials on electrochemical reaction; it is often described by the following Butler-Volmer kinetics Proton transport is restricted to the CL and the membrane, and described by the 
where i is volumetric average current density, σ m is effective protonic conductivity of the CL, and m φ is volumetric-average potential of the ionomer.
Electron transport is through the solids in both GDL and CL, and described by the following volumetric average equation:
where σ s is effective electronic conductivity of the GDL or the CL, and s φ is the volumetric average potential of the carbon fibres or carbon grains in the GDL and the CL, respectively.
The above equations have to be solved numerically. In numerical solution, the cathode electrode shown Fig.1 is divided into a number of grids [33] . Species concentrations and potentials of the solid and electrolyte are assumed to be constants in each grid. As an illustration, we take the CL grid shown in Fig.1 as an example, the agglomerates in which are not explicitly modelled but implicitly described in the above equations by R eo . The value of R eo in the gird depends not only on its average gaseous oxygen concentration and protonic and electronic potentials as shown in Eq. (2), but also on the properties of the CL, including its catalyst loading, ionomer films, the ability of the agglomerate to conduct oxygen, and oxygen dissolution and its consequent diffusion in the ionomer film and the agglomerate. One challenge in fuel cell modelling is how to accurately represent these non-resolved properties and processes in the agglomerate model.
The agglomerate model
The agglomerate model is to calculate the average electrochemical reaction rate within the numerical CL grid shown in Fig.1 using the average gaseous oxygen concentration and protonic and the electronic potentials, with other non-resolved processes and factors implicitly described by the effectiveness factor E r .
Statistical analysis of dissolved oxygen in the agglomerate
Referring to Fig. 1 , when the gaseous oxygen moves into the inter-agglomerate pores from the GDL, it needs to dissolve in the ionomer film first before it can diffuse into the catalyst sites inside the agglomerate to electrochemically react with protons and electrons.
The diffusion and reaction of each dissolved oxygen molecule in the agglomerate can be described as two independent random processes. The first one is the probability that an oxygen molecule, which dissolves in the ionomer film at time t=0, moves into and then remains in the agglomerate, excluding the ionomer film, at time t under condition that there is no electrochemical reaction. Therefore, this probability depends only on agglomerate geometry and the ability of the agglomerate to conduct oxygen; it is independent of operation conditions. We use ( ) f t to describe this probability. The second process is for electrochemical reaction; it is the probability that the above molecule will be consumed in an electrochemical reaction at time t; we represent this probability by ( )
If there are ' C oxygen molecules that dissolve in the ionomer film surface at time 0 t = within the CL grid shown in Fig.1 , we use ( ) , i f t x to describe the probability of one of these molecules, which is located at x i on the ionomer film surface at t=0 and will remain in the agglomerate at time t. Among the ' C molecules, the number of molecules that are still in the agglomerate at time t is hence
The average probability that one of those molecules remains in the agglomerate at time t is
The oxygen reduction in the CL is assumed to be one-order kinetic; that is, the probability of a molecule being consumed in a reduction reaction within a unit time period is k c . Therefore, the probability that a molecule, which enters the agglomerate at t=0 and is still
Among the ' C molecules that enter the agglomerate after dissolving in the ionomer film surface at t=0, those still in the agglomerate at time t in the CL grid shown in Fig.1 are
Since oxygen reduction is assumed to be first-order kinetic, the rate at which the number of molecules is consumed by electrochemical reactions at time t is
If oxygen continuously flows into the grid shown in Fig. 1 such that the number of dissolved oxygen molecules in the ionomer film surface at time t is kept at 0 ( ) C t , the number of molecules remaining inside the agglomerate at time t is
The rate at which the number of molecules is consumed in the reduction reactions at time t is
Eq. (11) is a general agglomerate model, linking the average reduction rate to CL structure through the probability distribution function ( ) g t . Once ( ) g t is known, Eq.(11) can be analytically or numerically solved to calculate the average reaction rate at time t. When t → ∞ , the cell reaches steady state and the reaction rate calculated from Eq. (11) is the rate defined in Eq.(2). It was found in our previous work that ( ) g t can be approximated by the gamma distribution function when the ionomer film is thin [32] . As the ionomer film increases, however, the gamma distribution is unable to describe ( ) g t .
. Link agglomerate model to catalyst layer structure
The impact of CL structure on electrochemical reaction is described by the distribution function ( ) g t . To explain how to calculate this distribution function for a given CL with its agglomerate coated by ionomer film, we used the CL shown in Fig. 2A as an example. It is a cathode CL acquired using FIB/SEM tomography at resolution of 5 nanometres. The FIB/SEM is unable to distinguish carbon grains and ionomer, and we hence numerically coated ionomer films over the agglomerate. Fig. 2B shows a CL grid we simulated with its agglomerate numerically coated by an ionomer film. To investigate the impact of ionomer content, we coated the agglomerate by ionomer films with different thicknesses. Fig. 3 shows the sections of the CL with its agglomerate coated by ionomer film with dimensionless
respectively, where λ is the average thickness of the ionomer film and ε is the side length of the voxels in the acquired image.
The probability distribution function ( ) g t depends on the agglomerate structure and ionomer film. To calculate it, we tracked the movement of oxygen within the agglomerates by setting the dissolved oxygen concentration on the outer surface of the ionomer film to be a constant and the electrochemical reaction rate to be zero. That is, set 0
Eq. (10), meaning that the concentration of dissolved oxygen on the outer surface of the ionomer surface, i.e., the interface between the red and the blue in Fig.2B and Fig.3 , is C 1 .
Under these conditions, Eq.(10) reduces to ( ) ( )
from which we have
where ( ) 0 R t is the mass of oxygen in the agglomerate at time t .
Since the diffusion of oxygen from the inter-agglomerate pores into the agglomerates shown in Fig.2 is controlled by the agglomerate geometry, the increase of The oxygen concentration on the outer surface of the ionomer film, i.e., the interface between the red and blue in Fig.2B , was kept at C 1 . The discrete linear system of equations was solved by the preconditioned conjugate-gradient iterative method [34] . The diffusion coefficients of the oxygen in the ionomer film and the agglomerates are given in Table 1 . The size of the CL in Fig.2B is 1 um 3 , comparable to the CL grid shown in Fig.1 . During the simulations, the number of molecules in the agglomerate, excluding those in the ionomer film, was counted, from which the probability distribution function ( ) g t was calculated using Eq. (13). Fig. 4 shows the change of ( ) g t with time for the CL grid shown in Fig. 2B when its agglomerate is coated by ionomer films of different thicknesses. It is evident that without ionomer film, ( ) g t peaks at 0 t = , whilst as the ionomer film thickness increases, the time at which ( ) g t peaks shifts away from 0 t = .
The distribution functions shown in Fig.4 can be directly used to calculate the oxygen reduction reaction rate by numerically integrating Eq. (11) by setting t → ∞ . However, since the reduction rate coefficient k c is a function of the local overpotential which changes spatially in the CL, numerically integrating Eq. (11) for all numerical grids is computationally expensive. Therefore, it is practically useful to find a formula that can describe all these distribution functions such that, after being inserted to Eq.(11), it could lead to a simple analytical formula to calculate the average reaction rate.
Unfortunately, the number of probability distribution functions with analytical solutions is limited in the literature, and none of them is able to fit all distribution functions shown in Fig. 4 . We therefore, following Cvetkovic [35] , generalise the gamma distribution function.
The generalised gamma distribution function cannot be analytically expressed by t, and is defined by its Laplace transform as follows:
where α, β and k are parameters. The distribution function defined by Eq. (14) reduces to the gamma distribution when 1 β = , and to the exponential distribution when 1 k β = = . As the function g(t) is calculated by tracking the movement of oxygen within the agglomerate and the ionomer film without any reactions, the three model parameters depend only on agglomerate geometry, including the ionomer film, and their ability to diffuse the oxygen.
To estimate the three model parameters defined in Eq. (14) for the agglomerate coated by different ionomer films, we first Laplace-transformed the calculated probability distribution functions g(t) shown in Fig. 4 and then fitted them to Eq. (14) . The comparison is shown in The agglomerate model used in the literature is to calculate the volumetric average electrochemical reaction rate in a CL grid as shown in Fig.1 when the system is in steady state. This is equivalent to Eq. (11) by letting t → ∞ , that is,
As proven in Appendix A, we can analytically derive the following agglomerate model by replaying ( ) g t in Eq. (15) with that defined in Eq. (14):
where E r is the effectiveness factor, and C 0 is the dissolved oxygen concentration in the outer surface of the ionomer film. From the above discussion, it is understood that the effect of diffusion coefficient of the agglomerate, agglomerate geometry and the ionomer film on the oxygen reduction rate R eo is described by the three CL structure parameters α, β and k, respectively, and the impact of catalyst loading is described by k c as shown in Eq.(3). The three CL structure parameters are independent of k c and the catalyst loading.
Agglomerate model including oxygen dissolution
Most agglomerate models used in the literature assumed the oxygen dissolution in the ionomer film is fast and not a limiting factor. Whilst this approximation might be rationale at low potential, experiments recently showed that it could give rise to significant errors at high overpotential [36] .
The dissolving rate of oxygen in ionomer film depends on the concentration of the dissolved oxygen in the outer surface of the ionomer film and the gaseous oxygen concentration in the inter-agglomerate pores. It can be described by the following first-order kinetic [36] :
where o d k is the dissolving rate coefficient, and C eq is the dissolved oxygen concentration that is in equilibrium with the gaseous oxygen in the inter-agglomerate pores. If the partial pressure of the gaseous oxygen in the inter-agglomerate pores is p o , C eq can be estimated from the Henry's law,
In the CL grid shown in Fig.2B , if the contact area between the gaseous oxygen and the ionomer film is S, the rate at which the gaseous oxygen dissolves into the ionomer film is ( )
If the change of C 0 over S is small and can be approximated by a constant, we have
where S 1 is the outer surface area of the ionomer film. At steady state, J is equal to the electrochemical reaction rate within the grid, and from mass balance we hence have ( )
where V is the volume of the agglomerate in the CL grid. Solving for C 0 yields
where 1 
Test the agglomerate model
To test the accuracy of the electrochemical reaction rate predicted by Eq. 
where c' is the concentration of the dissolved oxygen in the ionomer within the agglomerate,
and Ω is the interface between the inter-agglomerate pores and the outer surface of the ionomer film, that is, the interface between the red and the blue shown in Figs 
where v i is the volume of the ionomer in ith voxel, and V i is the volume of ith voxel, and M is the total number of the agglomerate voxels in the image.
We express the reaction rate calculated from Eq. (23) as follows :
and we can therefore calculate the effectiveness factor in Eq. (24) 
Electrode modelling
A numerical model for the PEM fuel cell was developed in attempts to prove that the proposed model accurately describes the impact of agglomerate geometry and the ionomer films on electrochemical reaction. The model is two dimensional and based on the method presented in [17] , which has been widely used in the literature to model cathode electrode.
For oxygen reduction, we used the kinetic parameters given in [17] , except stated otherwise, whilst for gas diffusion in GDL and CL, we used the results published recently in the literature [1, 37] . The GDL is anisotropic for both gas diffusion and electronic conduction, and its effective diffusion coefficient and electronic conductivity in both in-plane and through-plane directions were taken from our previous work [1] . We also calculated the effective diffusion coefficient of the CL with both bulk and Knudsen diffusions in consideration using the method developed in our previous work [37] .
Proton transport in the CL is mainly through the ionomer. An increase in ionomer film thickness is likely to enhance proton conductivity, but decrease the gas diffusion coefficients.
In this paper, however, we assumed this impact is minor and used the same diffusion coefficients and protonic conductivity in all simulations. The model parameters used in all simulations are given in Table 1 . Fig.1 shows the simulated electrode. Because of symmetry, we only simulated part of it as shown in Fig.1 . We take the oxygen electrode as reference electrode, and the solid potential at the interface between the GDL and the land is zero as a result. Hence, the local overpotential is the difference between the solid potential and the electrolyte potential. We set the electrolyte potential at the CL-membrane interface from 0V to 1.2V to simulate the electrode, and its difference from the solid potential at the GLD-land interface is cathode potential. The average current density in the electrode was calculated from
where Λ is the simulated CL domain enclosed by the broken lines shown in Fig.1 , and A is the nominal area of the CL in the simulated domain.
The two vertical boundaries of the domain were treated as no-flux boundaries for all species and charges. The CL-membrane interface was a specified potential boundary for proton transport, and no-flux boundary for other species and electron. The CL-GDL interface was not explicitly treated as a boundary, but implicitly solved by assigning different diffusion coefficients and conductivities to GDL and CL. The GDL-channel interface was solved as a specified concentration boundary for gases, and no-flux boundary for charges. In contrast, the GDL-land interface was solved as a specified potential boundary for electron, and no-flux boundary for proton and other species. The domain was divided into a number of equal grids and the size of each grid in the in-plane and through plane directions was 3μm and 2μm
respectively. For the CL, this is comparable to the CL grid we simulated previously for calculating the agglomerate model parameters.
Results and discussion

Agglomerate model parameters
In fitting the simulated distribution functions to Eq. (14), it was found that we can fit all them using the same α and β by changing the parameter k only to describe the impact of 
The resolution of the image shown in Figs. 2 and 3 is 5 nanometres. Therefore, the value of the parameter α increases with temperature and the increase is shown in Fig. 6B .
Accuracy of the agglomerate model
The agglomerate model in Eq. (21) predicts the decrease of the electrochemical reaction rate due to oxygen diffusion and dissolution in the ionomer film and agglomerate, using the parameters directly estimated from the CL structures. Fig. 7 shows its accuracy in comparison with the effectiveness factors directly calculated from the pore-scale simulations of oxygen diffusion and reaction in the CL grid shown in Fig. 2B when the oxygen dissolution is not a limiting factor. Overall, they agree well, although there is a slight discrepancy because the generalised gamma distribution function is an approximation rather than an exact description of the probability distribution functions.
We also tested the accuracy of Eq. (21) [22] . Overall, the comparisons show a good agreement. There is a slight difference because the generalised gamma distribution function is an approximation of the real distribution functions and the dissolved oxygen concentration over the outer surface of the ionomer film was assumed to be a constant.
The polarization curves
Model validation
We first validated the model against the experimental data reported in [39] to ensure that it adequately represents the key electrochemical processes in the CL. In the validation, the thickness of the CL was 50μm taken from [38] , and the GDL was assumed to be anisotropic and the effective binary coefficients of all gases in its in-plane and through-plane directions were described by
respectively, where ij D is the binary diffusion coefficient of gases i and j in free space, φ is GDL porosity and ( ) The protonic conductivity and diffusion coefficients of gases in the CL depend on ionomer content, but their values were not available. We hence treated them as fitting parameters in the simulations. We also considered oxygen dissolution, but treated the specific outer surface area of the ionomer film as a fitting parameter as its value is not available. Other parameters were taken from [17] .
The cell voltage was calculated from
where th E is the theoretical oxygen reduction potential, R m is the resistance of the membrane and NCO is the potential difference between the solid potential at the GDL-plate interface and the electrolyte potential at the CL-membrane interface. The hydrogen diffusion and reaction in the anode were assumed to be fast and their associated potential loss was negligible. The resistance of the membrane used in the literature varies [38, 40] , and we took an average value, To further test the agglomerate model, we also compared the model with the experimental polarization curve reported in [41] . The pressure of the gas mixture in the channel is 1atm, and the molar fraction of gaseous oxygen and the water vapour in the channel is 0.145 and 0.312, respectively. The thickness of the GDL and CL is 270μm and 55μm, respectively. The width of the channel and shoulder is 1000μm, and the operation temperature was 70 o C. The diffusion coefficients of the GDL and CL were the same as that used in the above example. Again, since the specific outer surface area of the ionomer film is not known, we treated it and the oxygen dissolution rate as fitting parameters. We were unable to fit the data using Fig. 9B . Overall, they agree well. The simulation slightly overestimated the cell performance at high current density; this is likely due to the impact of liquid water which was neglected in our simulations.
Impact of oxygen diffusion in ionomer film and agglomerate
In the following analysis, we follow Sun et al. [17] and plot the average current density against the cathode potential by subtracting only NCO from E th .
The ability of the agglomerate to conduct dissolved oxygen is represented by the parameter α in the agglomerate model, which, for a given CL, depends on operating temperature as shown in Fig.6B . To demonstrate the impact of operating temperature on catalyst efficiency, we simulated the cathode electrode at two temperatures. Their associated parameter α is 20000 s -1 and 55000 s -1 respectively. The ionomer film thickness was assumed to be 10nm, and the value of the parameter β is 0.79. Oxygen dissolution was assumed to be very fast and not a limiting factor. The simulated polarization curves are compared in Fig. 10 . The figure shows that the impact of temperature is only noticeable when the cathode potential is less than 0.6V.
Ionomer film is another factor believed to affect cell performance, but the ionomer film thickness used in the literature varies widely, as thick as 80nm [17] . This appears to be an exaggeration as recent research revealed that the average ionomer film thickness is only 10nm [5] . We investigated the impact of ionomer film thickness by assuming that oxygen dissolution is fast and not a limiting factor. Other parameters used in the simulations were 1 40000s − a = and 0.79. β = Fig. 11 compares the polarization curves when the agglomerate was coated by different ionomer films with their thickness ranging from 0 to 15nm. The figure reveals that the impact of the ionomer film is negligible when its thickness is less than 15nm.
Impact of oxygen dissolution
Gaseous oxygen needs to dissolve in the ionomer film first before it can move into the agglomerate to react with electron and proton on the catalyst sites. Most studies available in the literature assumed that oxygen dissolution is fast and not limiting factor, which leads to a debate about the importance of oxygen transport in the CL as recent tomography revealed that the average agglomerate size in modern CL is only about 100nm rather than 1000nm as in old CLs [42] . If the oxygen dissolution is fast, our simulations also supported that the potential loss due to oxygen transport in CL is not noticeable when the cathode potential is less than 0.7V. However, recent experiments also revealed that oxygen dissolution in real CL is not as fast as previously assumed, and it could become a limiting factor [36] . Based on the experimental results available in the literature, we estimated that the dissolution rate coefficient of oxygen is in the range of Suzuki et al. [36] . This might explain why the ionomer film thickness used by the spherical models in the literature needs to be exaggerated to 80nm; this appears to compensate the resistance caused by oxygen dissolution which is ignored in the spherical models [17] .
Conclusions
The sluggish oxygen reduction in the cathode CL of PEM fuel cell is affected by a number of processes, and understanding each process and linking it back to CL structure is critical in fuel cell modelling and CL design. Whilst the spherical agglomerate models have been the dominant model in the literature to describe CL in fuel cell modelling, they are just to introduce a resistance to oxygen transport and reaction rather than a geometrical description of the CL.
The application of tomography technology in fuel cell over the past decade is able to acquire 3D structures of the CL at resolutions of a few nanometres. This can be combined with pore-scale simulation to directly calculate the average electrochemical reaction rate. In numerical modelling, however, the CL needs to be divided into a number of grids, and the average reaction rate in each grid has to be calculated separately. Since the electrochemical reaction depends on overpotential which varies spatially within the CL, calculating the average reaction rate in each grid through pore-scale simulation is extremely time-consuming.
It is hence more rationale to find a simple method that can calculate the average reaction rate with an accurate description of the CL structure and other agglomerate processes. This paper presented such a formula.
The formula was derived by modelling the dissolved oxygen in the agglomerate, including the ionomer films, as two independent random processes. The first one is the probability that a dissolved oxygen molecule, which dissolves in the ionomer film on agglomerate surface, enters and continues to remain in the agglomerate as time elapses. The second one is the probability of the molecule being consumed in a reduction reaction as time passes. The probability distribution function of the first one depends only on agglomerate geometry and its ability to conduct oxygen, and can be directly calculated from the CL structure. The probability of the second process was derived by assuming that the oxygen reduction is first-order kinetic.
Based on a CL acquired using FIB/SEM tomography, we calculated the distribution functions of the first process for the CL with its agglomerate coated by different ionomer films. It is found that the distribution functions calculated under all conditions can be fitted to a generalised gamma distribution function, from which we are able to derive a simple analytical agglomerate model to calculate the oxygen reduction rate.
After gaseous oxygen moves from the GDL into the inter-agglomerate pores within the CL, it needs to dissolve in the ionomer film first prior to reacting with proton and electron inside the agglomerate. Oxygen dissolution depends on a number of processes and could become a limiting factor to oxygen reduction. Most spherical agglomerate models ignore this limitation, and account for it instead by either exaggerating the agglomerate diameter (up to 6000nm) or ionomer film thickness (up to 80nm) or both. Such treatments introduce an increased resistance to oxygen diffusion, but their results cannot be applied to CL design as they are not a correct description of the CL structure. In this paper, we extended the improved agglomerate model to include oxygen dissolution.
The accuracy of the improved agglomerate model for predicting the oxygen reaction was tested against the electrochemical reaction rates directly calculated from pore-scale simulation of oxygen diffusion and reaction in the CL with its agglomerate surface coated by different ionomer films. The results show good agreements.
The improved agglomerate model considers the resistances due to both oxygen dissolution and its consequent diffusion in the ionomer film and the agglomerate. To elucidate the relative significance of each resistance, we modelled a cathode electrode. We also validated the model against experimental data. The results indicated that for modern CLs with average agglomerate size of 100nm, the resistance caused by oxygen diffusion in the ionomer film and agglomerate is insignificant, and that most potential loss is caused by oxygen dissolution. Therefore, improving oxygen dissolution rate is a crucial way to improve fuel cell performance [43] .This could have an important implication in CL design. It is understood that proton transport in CL is mainly through the ionomer film. An increase in ionomer film thickness can hence enhance protonic conductivity. On the other hand, since the inter-agglomerate pores are limited, an increase in ionomer content will reduce space for oxygen to diffuse and the contact areas between gaseous oxygen and ionomer film interface for oxygen to dissolve. This, when oxygen dissolution is the main limiting factor, could substantially reduce catalyst efficiency. Therefore, the ionomer content in a CL needs to be optimised [44] . In using numerical model to optimize ionomer content, an accurate description of the CL structure and the effect of ionomer film on proton transport and oxygen diffusion is crucial. The agglomerate model presented in this paper provides such a method.
One significant advantage of the proposed model in comparison with the classical spherical models is that it does not simplify the CL structure and all model parameters can be independently estimated from the CL structure. Moreover, it can be used to simulate transient behaviour of PEM fuel cell [45] , which all other models could not.
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Appendix A
If the Laplace transform of the function ( ) g t is ( ) G s , the Laplace transforms of ( ) Effective diffusion coefficient of dissolved oxygen in intra-agglomerate pores (m 2 s -1 )
1.38×10 -10
Figure captions
Fig. 1. Schematic illustration of the cathode electrode and a numerical CL grid created in numerical modelling, in which the gaseous oxygen moves into the inter-agglomerate pores first and then dissolves in the ionomer film. The detailed oxygen diffusion and reaction in the agglomerates within the grid cannot be explicitly resolved in the fuel cell modelling; instead, they are approximated by an agglomerate model using the volumetric average oxygen concentration and protonic and electronic potentials in the grid. 10 . Impact of the ability of agglomerate to conduct oxygen (represented by the parameter α) on the polarization curves; the ionomer was assumed to be 15nm thick (k=1.35) and the parameter β is 0.79. 
